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CC BY-NC-ND license (http://creativeBackground/Purpose: Periodontal disease is a chronic inflammatory process that potentially
leads to alveolar bone destruction and tooth loss. Tissue engineering combined with stem cell
therapy is a potential effective treatment for periodontal bone loss. Amniotic membrane (AM)
is a potential scaffold enriched with multiple growth factors. It has the effects of anti-
inflammation, antiangiogenesis, and immunosuppression. Herein, we used adipose-derived
stem cells (ADSCs) and an AM co-cultured system to study bone regeneration in a rat peri-
odontal defect model in vivo.
Methods: Human ADSCs were isolated from the infrapatellar fat pad, and characterized by
flow cytometry, reverse transcription-polymerase chain reaction, and multipotenthave no conflicts of interest relevant to this article.
stitute of Oral Biology, Number 1, Changde Street, Zhongzheng District, Taipei City 10048, Taiwan.
(C.-C. Chang).
ually to this article.
5.02.002
an Medical Association. Published by Elsevier Taiwan LLC. This is an open access article under the
commons.org/licenses/by-nc-nd/4.0/).
ADSC promotes periodontal bone regeneration 187differentiation assays. The co-culture system was applied in the periodontal two-wall osseous
defect in a rat model, and computed tomography was used to measure the effect.
Results: Human ADSCs isolated from the infrapatellar fat pad showed spindle-like morphology.
Flow cytometry results demonstrated that ADSCs expressed a high level of CD90 and CD105,
but not CD31, CD34, and CD45. ADSCs strongly expressed stemness genes, including SOX2,
OCT4, NANOG, and KLF4 on different passages. Furthermore, ADSCs were able to differentiate
into osteogenic, chondrogenic, and adipogenic cells. In the periodontal osseous defect rat
model, ADSCs and the AM co-culture system significantly increased bone regeneration.
Conclusion: This study provides the basis for using ADSCs with an AM co-culture system as stem
cell therapy and scaffold transplantation in clinical periodontology.
Copyright ª 2015, Formosan Medical Association. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).Table 1 Primers used in reverse transcription-polymerase
chain reaction analysis.
Gene Primer sequence (50e30)
SOX2 Forward AGAACCCCAAGATGCACAAC
Reverse ATGTAGGTCTGCGAGCTGGT
OCT4 Forward GAGGAGTCCCAGGACATCAA
Reverse GCCGGTTACAGAACCACACT
NANOG Forward TTCCTTCCTCCATGGATCTG
Reverse ACTGGATGTTCTGGGTCTGG
KLF4 Forward ACCCTGGGTCTTGAGGAAGT
Reverse ATGTGTAAGGCGAGGTGGTC
GAPDH Forward GAAGGTGAAGGTCGGAGTC
Reverse CAGGAGGCATTGCTGATGAIntroduction
Periodontitis is a chronic inflammatory disease character-
ized by injury of periodontium, including gingiva,
cementum, periodontal ligament, and underlying alveolar
bone. Periodontal disease is the most common bone disease
in human. The periodontal diseases can be caused by the
dental plaque, smoking, improper diet, and stress.1 The
advanced periodontal disease may lead to tooth loss and is
often lack of an effective treatment. Use of tissue engi-
neering technologies and stem cell therapy for periodontal
bone regeneration may be a new hope for treatment of
periodontal disease.2,3
Stem cell is defined by the capability of self-renewal and
differentiation into several type cells. According to the
different sources of cell, they can be divided into embry-
onic stem cell (ESC), somatic stem cell, and induced
pluripotent stem cell (iPS).4e6 Due to the hard technique
and ethical problem, the clinical application and research
of ESC and iPS is still limited. In recent years, adipose-
derived stem cells (ADSC) have emerged as promising cell
source for tissue engineering,7 because the adipose tissue
can be obtained in large quantities without causing
discomfort to the patients and can enrich a lot of stem
cells.8,9 In addition, there is no ethical problem to get the
adipose tissue for isolation of ADSC.
Amniotic membrane (AM) is the innermost lining of the
fetal membrane surrounding the developing fetus. The main
functions of AM include shock absorption, resistance to
infection in the absence of the immune system, and supply of
nutrition by diffusion. AM is a translucent and avascular
membrane with its thickness being between 0.02 mm and
0.5 mm. The AM contains rich collagen type IeVII, elastin,
laminin, and fibronectin.10 The strong and elastic structure of
AM leads to better manipulation during surgery.11,12 AM is
often used in the repair of damagedepithelial tissue, because
it is able to decrease inflammation, modulate angiogenesis,
prevent scarring, and promote epithelialization and wound
healing.13 In this study, we designed a stem celleAM co-
culture system that was further applied in a rat periodontal
defectmodel to evaluate the biocompatibility and efficacy of
this system to repair a two-wall periodontal bone defect. We
found that the stem cell therapy conjugated with a proper
scaffold may be applied for the treatment of periodontal
diseases in the near future.Materials and methods
Adipose-derived stem cell culture
An infrapatellar fat pad was obtained during total knee
replacement surgery. This study was approved by the
Institutional Review Board of National Taiwan University
Hospital, Taipei, Taiwan. Tissues were finely minced and
digested using 1 mg/mL collagenase type I (Sigma-Aldrich,
St Louis, MO, USA) at 4C for 8 hours, and then washed in
sterile phosphate-buffered saline (PBS). After passing
through 100-mm cell strainers, the suspension cells were
centrifuged at 1200  g for 5 minutes. The cell pellet was
resuspended in Dulbecco’s Modified Eagle Medium: Nutrient
Mixture F-12 (DMEM/F12) (Gibco, Invitrogen Corporation,
Carlsbad, CA, USA) and supplemented with 10% fetal bovine
serum (FBS), 1% penicillin/streptomycin, and 1 ng/mL basic
fibroblast growth factor (bFGF; R&D Systems, Minneapolis,
MN, USA) at 37C in a humidified atmosphere of 5% CO2 and
95% air. For routine culture, cells at 80% confluent growth
were trypsinized with 0.05% trypsin/ethylenediaminetetr-
acetic acid (EDTA) (Gibco).
Flow cytometry
Cells were trypsinized, washed, and resuspended in PBS. The
cells were immunolabeled with antibodies, including mouse
antihuman CD31, CD34, CD45, CD105 (BD Biosciences, San
Jose, CA, USA), and CD90 antibodies (eBioscience, San Diego,
Figure 1 Morphology of human adipose-derived stem cell (hADSC) and human adipose-derived mesenchymal stem cell (hAD-
MSC). The phenotype of human adipose-derived stem cell (hADSC) (left) and human adipose-derived mesenchymal stem cell (hAD-
MSC) (right) were observed and photographed using phase-contrast microscopy (100).
188 P.-H. Wu et al.CA, USA) for 1 hour at 4C. The nonspecific mouse immuno-
globulin G (BD Biosciences) was substituted for the primary
antibodies as isotype control. After washing, cells were
stained with an fluorescein isothiocyanate (FITC)- or phyco-
erythrin (PE)-labeled goat anti-mouse secondary antibody for
30 minutes. Analysis was then conducted using fluorescence
activated cell sorting (FACS) Calibur cytometry (BD
Biosciences).Reverse transcription polymerase chain reaction
Reverse transcription of RNA isolated from cells was per-
formed in a final reaction containing the following: total
RNA (5 mg), First Strand Buffer with dithiothreitol (DTT)
(10 mM), deoxyribonucleotide triphosphate (dNTP)Figure 2 Identification of surface markers on human adipose-der
including CD31 (A), CD34 (B), CD45 (C), CD90 (D), and CD105 (E) we
G-mean values. Each experiment was performed at least three tim(2.5 mM), Oligo (dT) 12e18 primer (1 mg), and 200 U/L
Moloney murine leukemia virus reverse transcriptase
(200 U). The reaction was conducted at 37C for 2 hours and
was terminated by heating the solution to 70C for 10 mi-
nutes. Thereafter, 1 mL of the reaction mixture was
amplified by polymerase chain reaction (PCR). The PCR
primers are listed in Table 1. PCR amplification was con-
ducted in a reaction buffer containing 20mM Tris-HCl (pH
8.4), 50mM KCl, 1.5mM MgCl2, 167 mm dNTPs, 2.5 U of Taq
DNA polymerase, and 0.1 mm primers. The reactions were
performed in a Biometra Thermaoblock (Biometra Inc.,
Baltimore, MD, USA) using the following program: dena-
turing for 1 minute at 94C, annealing for 1 minute at 56C,
and elongating for 1 minute at 72C, 35 cycles in total; the
final extension occurred at 72C for 5 minutes. Equal vol-
umes of each PCR sample were subjected toived mesenchymal stem cells (hAD-MSCs). The surface markers
re analyzed by flow cytometry, and numbers were indicated as
es. Immunoglobulin G staining was used as a negative control.
Figure 3 Identification of surface markers on human adipose-derived stem cell (hADSCs). The surface markers including CD31
(A), CD34 (B), CD45 (C), CD90 (D), and CD105 (E) were analyzed by flow cytometry, and numbers were indicated as G-mean values.
Each experiment was performed at least three times. Immunoglobulin G staining was used as a negative control.
Figure 4 SOX2, OCT4, NANOG, and KLF4 messenger RNA
expression in various passages of human adipose-derived stem
cells (hADSCs). Stemness markers, including SOX2, OCT4,
NANOG, and KLF4, were analyzed by reverse transcription-
polymerase chain reaction. Glyceraldehyde 3-phosphate de-
hydrogenase was internal control. P1, P5, and P9 were repre-
senting at first, fifth, and ninth passages. Sixth passaged human
adipose-derived mesenchymal stem cells (hAD-MSCs) were
used as positive control. The arrowhead indicates the NANOG
messenger RNA expression.
ADSC promotes periodontal bone regeneration 189electrophoresis on a 1.2% agarose gel, which was then
stained with ethidium bromide and photographed under
ultraviolet illumination.
Multipotent differentiation analysis
ADSC were seeded at about 4  105 cells into six-well
plates and grown to confluence. To induce osteogenic
differentiation, cells were incubated in DMEM/F12 con-
taining 10% FBS, 0.1mM dexamethasone, 10mM b-glycer-
olphosphate, and 50mM ascorbic acid for 3 weeks.
Osteogenesis was demonstrated by accumulation of
mineralized calcium phosphate evaluated by alkaline
phosphatase (ALPase) staining. To induce chondrogenic
differentiation, cells were incubated in DMEM/F12 con-
taining 10% FBS and 10 ng/mL transforming growth factor
b1 for 3 weeks. Chondrogenic potential was assessed by
Alcian blue staining. To induce adipogenic differentiation,
subconfluent cells were incubated in DMEM/F12 containing
10% FBS, 1mM dexamethasone, 0.5mM methyl-
isobutylxanthine, 10mM insulin, and 100mM indomethacin
for 3 weeks. To evaluate the adipogenic differentiation,
the intracellular accumulation of lipid-rich vacuoles were
stained with Oil Red O.
Preparation of AM
Human amniotic membrane was obtained from a patient
during a cesarean section under sterile conditions. The
whole placenta was washed with sterilized PBS containing
1% penicillin/streptomycin. The amnion was separated
from the chorion by blunt dissection and flattened ontonitrocellulose paper. The amnion was then cut using
ophthalmic surgical scissors into 3  1.5 cm2 pieces and
stored in Dulbecco0s Modified Eagle0s Medium (DMEM) with
glycerol (1:1; vol/vol) at 80C.
190 P.-H. Wu et al.Co-culture system with ADSC and AM
After thawing at room temperature, the AM was washed
three times with PBS and treated with 0.1% trypsin-EDTA at
37C for 30 minutes. Then, the epithelial cells on the
membrane were removed with a scraper mounted on
nitrocellulose paper with the original epithelial surface
upward. ADSCs were seeded on the cell-free amniotic
membrane with 3  105 cells, and cultured in DMEM/F12
containing 10% FBS, 1% penicillin/streptomycin and, 1 ng/
mL bFGF. The co-culture system was changed medium
every 2 days for 5 days and ready to use.
Periodontal animal model
Male Sprague-Dawley rats (body weight 80e100 g) were
used in the experiment. The study design is shown inFigure 5 Multilineage differentiation analysis of human adipose-
medium for osteogenesis, chondrogenesis, and adipogenesis. After
for osteogenesis (A) and are shown as blue violet (100). For chond
as blue (100). For adipogenesis, cells were stained with Oil Red
DMEM/F12 medium as a negative control (100).Figure 6A. Animals were divided into four groups,
including control, ADSCs, AM, and ADSCs and AM co-
culture system groups. The right maxillary first molar
(M1) was removed in all animals (Day 0). Surgical reentry
was performed to confirm the complete healing of the
extraction socket which was supposed to fill with newly
formed bone 3 weeks after M1 extraction. A two-wall
intrabony defect (2.6  2.0  2.0 mm) was then surgi-
cally created. After defect creation, implant approxi-
mately 3 mm  3 mm of the AM or co-culture system into
the defect with tweezers. ADSCs (3  105 cells in PBS and
Matrigel, vol/vol Z 1:1) and control group (PBS and
Matrigel, vol/vol Z 1:1) were injected into the defect
(n Z 5). The wound was closed by approximating gingival
flaps and sealed by a cyanoacrylate gel (PeriAcryl, Cit-
agenix Inc., Laval, QC, Canada). Animals were sacrificed,
and the maxillae were harvested after osseous defectderived stem cells (hADSCs). hADSCs were treated in induction
3 weeks, cells were stained with alkaline phosphatase (ALPase)
rogenesis, cells were stained with Alcian blue (B) and are shown
-O (C) and are shown as red (400). hADSCs were cultured in
ADSC promotes periodontal bone regeneration 191creation for 21 days. The defect-filling level was evaluated
by computed tomography (CT).
Quantitative assessments by CT
The harvested maxillae were examined using CT scanning.
Each region of interest (ROI) was outlined by using the
closed polygon ROI tool in 32-bit OsiriX (version 5.9, Pix-
meo, Geneva, Switzerland) in the coronal plane that were
spaced 0.2 mm apart over a 5-mm segment of maxillae.
ROIs were examined every 0.2 mm over the same distance
and the volume of ROIs was computed.
Statistical analysis
Data were pooled from experimental groups and presented
as the mean  standard error of measurements. The dif-
ferences in CT measurements between groups at each time
point were compared by one-way analysis of variance fol-
lowed by the Tukey post hoc test with p < 0.05 being
considered statistically significant. The SPSS softwareFigure 6 Periodontal rat animal model and osseous defects creati
and groups with adipose-derived stem cells (ADSCs), amniotic mem
supine position and restrained on the table. (C) First molar of rat be
molar. (E) Two-wall osseous defects were created by a dental ro
sacrificed on Day 50. (F) The region of premaxillary bone was acqupackage (version 12.0; SPSS, Chicago, IL, USA) was used for
statistical analyses.Results
Isolation and characterization of human ADSCs
Human ADSCs were isolated from infrapatellar fat pad
using collagenase type I digestion and grown in medium
containing bFGF. ADSCs showed spindle-like morphology,
consistent with human adipose derived mesenchymal stem
cells (hAD-MSCs) which were obtained from the Bio-
resource Collection and Research Center (Figure 1). Next,
we investigated the expression of typical MSCs markers in
ADSCs. Flow cytometry analysis showed that AD-MSCs
expressed CD34, CD90, and CD105, but did not express
CD31 and CD45 (Figure 2). However, ADSCs expressed CD90
and CD105, contrasting with the lack of expression of
CD31, CD34, and CD45 (Figure 3). In addition to immuno-
phenotypes, RT-PCR was used to evaluate the messengeron. (A) General study design. Animals were divided into control
brane (AM), and co-culture system. (B) The rat was placed in
fore extraction, left and right. (D) Complete extraction of first
und bur after tooth extraction on Day 21 (E). Animals were
ired for computed tomography.
192 P.-H. Wu et al.RNA (mRNA) levels of stemness genes in ADSCs. ADSCs
expressed SOX2, OCT4, NANOG, and KLF4 mRNA on
different passages (Figure 4). Taken together, these data
suggested that the cells isolated from infrapatellar fat pad
were ADSCs.
Multipotent differentiation ability of ADSCs
To examine the potential differentiation ability of ADSCs,
cells were cultured in osteogenic, chondrogenic, andFigure 7 The premaxillary bone analysis after osseous defect cr
tomography analysis in periodontal rat model. (A) The transverse i
dimensional-volume rendering technique. (C) Quantitative measur
tical significance (p < 0.05) compared with control group.adipogenic media for 3 weeks. Osteogenic differentiation
of ADSCs was examined by ALPase staining. The dark blue
osteoblast-like cells were observed in osteogenic differen-
tiation medium (Figure 5A). Furthermore, chondrogenic
differentiation of ADSCs was examined by Alcian blue
staining. Blue acid mucosubstances were seen in chondro-
genic differentiation medium (Figure 5B). Adipogenic dif-
ferentiation of ADSCs was examined by Oil Red-O staining.
We observed the red Oil Red-O-positive cells in adipogenic
differentiation medium and the lipid droplets appeared ineation for 21 days. The region of interest (ROI) for computed
mages of ROI. (B) The reconstruction images of ROI by a three-
ements for periodontal bone defect). Asterisk indicates statis-
ADSC promotes periodontal bone regeneration 193the cytoplasm of ADSCs. Taken together, we proved that
ADSCs isolated from infrapatellar fat pad have multilineage
differentiation capacity.
ADSCs and AM co-culture system in periodontal
osseous defect rat model
The experimental design is summarized in Figure 6A. First,
a first molar extraction was performed in all animals
(Figure 6Be6D). The defect would be filled with newly
formed bone 3 weeks after extraction. Then, a two-wall
intrabony defect (2.6  2.0  2.0 mm) was surgically
created (Figure 6E), and the materials were placed into the
defect. Finally, the wound was closed using cyanoacrylate
gel. After osseous defect creation for 21 days, animals were
sacrificed, and the maxillae were harvested (Figure 6F).
The CT scans reoriented in the transverse plane demon-
strated that the rats in the ADSCs and AM co-culture system
experiment group showed more newly formed hard tissue
than other groups at a similar layer (Figure 7A). Further-
more, we used a three-dimensional volume rendering
technique to analyze the samples. The defect recovery in
ADSCs and AM co-culture system experiment group was
better than that of other experiment groups (Figure 7B).
Computed by OsiriX to quantify the data, Figure 7C shows
that there were significant differences of the mean ROI
volume in these four groups (10.0 mm3 for control, 4.5 mm3
for AM, 10.8 mm3 for ADSCs, and 2.8 mm3 for ADSCs and AM
co-culture system group, respectively). Taken together, we
proved that the ADSCs and AM co-culture system could
strongly increase periodontal bone regeneration, and sug-
gested that the application of a co-culture system in peri-
odontal disease might be an effective therapy in the future.
Discussion
Periodontal disease potentially leads to tooth loss; there-
fore, the combination of tissue engineering technology and
stem cell therapy on periodontal bone regeneration is a
very promising treatment. In this study, human ADSCs were
isolated and characterized by flow cytometry, RT-PCR, and
multipotent differentiation. According to the concept of
tissue engineering, a co-culture system with ADSCs and AM
was created. Our results provide evidence that a co-culture
system increased bone regeneration in a periodontal
osseous defect rat model. These results suggest the po-
tential therapy of periodontal diseases by stem cells con-
jugated with proper scaffold in clinical periodontology.
Although the adipose tissues were obtained during sur-
gical operation, cell adhesion was observed after 8 hours
and ADSCs were harvested after 7 days. In the previous
data, the different culture mediums affected cell
morphology, proliferation, hepatocyte growth factor (HGF)
expression, stem cell marker profile and differentiation
potential.14 In the other species, a previous study demon-
strated that canine ADSC derived from different anatomical
sites exhibited a progressively decreased expression of the
mesenchymal stem cells markers along passages and also
decreased osteogenic differentiation potential.15 Even the
other association factors, ages, gender, cell isolated strat-
egy, and storage method could possibly affect thebiological properties of ADSC.16 In this study, we verified
the culture strategy could amplify ADSC effectively and
effectively express stemness genes, SOX2, OCT4, NANOG,
and KLF4 continuously.
Human ADSC were first isolated and characterized by
Zuk and colleagues17 in 2001. In the proper induction me-
dium, ADSCs are able to differentiate into multilineages
such as adipogenesis, osteogenesis, chondrogenesis, and
myogenesis. These differentiated tissues come from
mesoderm, but there are many reports indicating that
ADSCs have transdifferentiated capacity. The previous
study supported that genetic manipulation can promote
cell transdifferentiation.18 Overexpression of certain
transcription factors can force cell reprogramming and
modulate cell cycle.19 In the current study, decellular AM
was used as a three-dimensional culture scaffold to help
two-wall periodontal bone defect reconstruction. Until
now, AM was used to reconstruct ocular surfaces or cover
the wounds clinically. The strong elastic properties make it
an ideal scaffold for surgical repair of a bone defect and
tissue engineering. Therefore, we provided the system of
stem cell therapy conjugated with proper scaffold for
periodontal disease treatment. The AM scaffold may make
the stem cell therapy more suitable for clinical
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